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ABSTRACT 
A rotator cuff tear is a common injury that affects many elderly people. These tears vary 
in severity, with moderate to severe tears requiring surgery. In rotator cuff surgery, bone anchors 
are used to re-attach the supraspinatus tendon to the humerus. This surgery is difficult in many 
older patients because aging bones become osteoporotic, or soft, and thus inadequate for securing 
bone anchors. Studies confirm that osteoporotic bone is a contributing factor of implant failure. A 
finned sheath concept was designed, developed, and tested to ensure securement of the bone 
anchors during and after rotator cuff repair. The sheath interacts with existing bone anchors and 
expands its fins into the soft bone. The expanding fins push against the bone’s cortical layer and 
prevent failure.  
Based on the limits on properties method and clinical feedback, polyether ether ketone 
(PEEK) was chosen as the optimum material. Due to the expense of injection molded PEEK, five 
prototype sheaths were 3D printed in acrylonitrile butadiene styrene (ABS) to test in an 
osteoporotic bone model.  For comparison, five anchors and five sheath assisted anchors were 
inserted into the osteoporotic bone model. The anchors were pulled out by the sutures included in 
the Arthrex SwivelLock anchor kit using a MTS tensile machine. The ultimate tensile strength and 
failure mode were recorded for each. Four of the five anchor trials had a failure mode of pulling 
out of the bone model. All five of the sheath trials had a failure mode of the suture breaking. 
Without the sheath, the anchor pullout force was comparable to published literature. With the 
sheath, the sutures broke at approximately an order of magnitude greater than the sheath pullout 
force.  
Additional calculations and finite element analyses were completed to determine the 
factors for adequate fixation.  The first factor is an interference fit of 0.05 mm between the sheath 
and the anchor, and the sheath and the bone. The second factor is the expanding fins design. These 
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fins were analyzed through a Solidworks simulation to prove that adequate fixation is possible 
with four fins. The analyses and calculations used to determine the two factors demonstrate that 
the tendon would tear before the sheath would fail.  
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 
Introduction 
Rotator cuff tears are one of the most common injuries, affecting 2 million people out of 
the 4.5 million people experiencing shoulder pain in the United States.1 Studies have shown that 
rotator cuff tears are highly correlated with increasing age.2 There are 250,000 rotator cuff 
surgeries completed in the United States annually,1 with 86% of patients being over 45 years of 
age.3 A rotator cuff tear causes pain and weakness depending on the severity of the tear and the 
patient. Some rotator cuff tears are completely asymptomatic, while others require surgery to repair 
the tear. There are two different classifications of rotator cuff tears which include acute post-
traumatic and chronic degenerative, which is the most common.4 Acute post-traumatic tears 
usually are caused by excessive stress such as lifting heavy objects, jerking motions, injuries that 
dislocate the shoulder or break adjacent bones. Degenerative or chronic tears may result from 
normal use, bone spurs associated with arthritis, weak muscles from inactivity or poor posture, 
inadequate blood supply, or repetitive motions.5 
The identification of a rotator cuff tear and the method of repair has changed significantly 
in the last 200 years. The first description of a rotator cuff tear was in 1788 by Alexander Monro 
as a tear in the supraspinatus and infraspinatus.6 The first rotator cuff repair completed was in 1870 
but was not a common surgery until imaging techniques were developed. As magnetic resonance 
imaging (MRI) became widely used, surgeons were able to classify rotator cuff tears with better 
accuracy and thus surgeries were improved. The first reported arthroscopic rotator cuff repair was 
in 1993 and revolutionized the way of operating on the rotator cuff. Although there is no difference 
between clinical effectiveness or cost effectiveness in comparing arthroscopic and open rotator 
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cuff surgeries,7 arthroscopic surgery is the preferred method because it is much less invasive than 
open surgery. Also, it has been shown that open surgeries lead to worse outcomes, including 
stiffness and loss of external rotation.8 There has been no difference between open surgery and 
arthroscopic surgery in regards to long term recovery, but arthroscopic surgeries have shown to 
have less associated pain and earlier movement of the shoulder.9 In Figure 1, the difference in the 
two surgeries is shown.  
  
 
(a) 
 
 
 
(b) 
Figure 1: (a) Open Rotator Cuff Surgery, (b) Arthroscopic Rotator Cuff Surgery.10 
 
The Relationship between Bone Density and Age 
Although diet, exercise, and genetic factors play a role in bone mass and density, age is a 
large determining factor of bone health. As seen in Figure 2, around the age of 50 bone mass starts 
to decrease. From this age on, the density of bone will be less than younger patients, thus making 
securement of anchors into bone difficult in rotator cuff surgery. The age range of 50 and up 
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reflects the chronic degenerative rotator cuff tears, which is the majority of rotator cuff tear 
patients.11 
 
 
Figure 2: Relationship of Bone Mass with Age.11  
 
Based on this information, low bone density, or soft bone, affects a significant number of 
rotator cuff tear patients. It has been shown that poor bone quality can compromise the fixation of 
the rotator cuff, particularly in elderly patients with degenerative tendons and osteoporotic bone.3,6 
In these cases, the anchor cannot be fixated securely within the soft bone because the bone easily 
deteriorates. Due to the high number of failures, revision rotator cuff surgery is common, with a 
rate of 20%.12 
Anatomy and Rotator Cuff Surgery 
The rotator cuff consists of a group of four muscles and their tendons: the supraspinatus, 
the infraspinatus, the subscapularis, and the teres minor. These tendons can be seen in Figure 3. 
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These muscles and tendons connect the humerus to the scapula which allows the shoulder to move. 
These muscles stabilize the shoulder by seating the humeral head in the glenoid fossa. A fully torn 
rotator cuff refers to a tear through the entire tendon, most commonly the supraspinatus, which 
often results in the tendon splitting into two different portions. When a hole has started to develop 
in a rotator cuff tendon, but has not yet progressed to the point where the damage extends through 
the full thickness of the tendon, this is referred to a partially torn rotator cuff.5 Figure 3 shows the 
difference between a normal rotator cuff, and a fully torn rotator cuff. 
 
 
Figure 3: Healthy Rotator Cuff vs. Fully Torn Rotator Cuff.13 
 
Typically, if the tear is severe enough, surgery takes place to reattach the tendon to the 
bone. A magnetic resonance image (MRI) is taken of the shoulder and the surgery is planned based 
on the results of the MRI. Anesthesia is given to the patient and his/her arm is placed in an arm 
positioner. Next, two small incisions are made, one in the front and one behind the shoulder joint. 
Cannulas are inserted into these incisions to pump sterile saline into the shoulder joint. The 
cannulas are also used for an arthroscopic camera. The camera is used to take a live video to aid 
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the surgeon and to guide the tools that the surgeon uses. Holes are then tapped into the bone holding 
a tool like the one shown in Figure 4a. This tool is held perpendicular to the humeral head while 
the holes are tapped. These tapped holes are for the insertion of the medial anchors. The medial 
anchors are those which are placed under the supraspinatus tendon, on top of the humeral head. 
These can be seen in Figure 6. The surgeon then inserts the retriever tool, shown in Figure 4b, into 
the cannula to grab the supraspinatus tendon. Once the tendon is held with the tool, the anchor tool 
shown in Figure 4c is inserted into the other cannula. The surgeon rotates the anchor tool and the 
anchor is deployed and screwed into the bone. The anchors can be seen in Figure 5. The anchors 
are threaded and have holes in them to promote bone growth.  
Next, the sutures from the medial anchors are threaded through the tendon. The surgeon 
taps the humerus using the same tool as seen in Figure 4a and inserts the lateral anchors into the 
holes using another anchor tool, seen in Figure 4c. The sutures are tensioned down by the lateral 
anchors as the anchors are screwed in. 
 
  
(a) (b) (c) 
Figure 4: Examples of tools used in arthroscopic rotator cuff surgery, (a) Arthrex punch, (b) 
Arthrex grasper (c) Arthrex anchor tool.14 
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Figure 5: Arthrex SwiveLock Anchors loaded on the anchor tool.14 
 
There are a multitude of ways which suture anchors are arranged. The specific manner of 
anchoring is determined by the surgeon’s preference, although a couple techniques are common. 
The double row fixation method is a common way of configuring the suture anchors. It requires 
the use of four suture anchors in an “X” pattern as shown in Figure 6. In this technique, four of the 
same anchors are used. In general, arthroscopic rotator cuff repair usually takes two hours to 
complete.15   
 
 
Figure 6: Arthrex Double Row Technique.16 
 
 
Medial anchors are inserted 
into the top of the humeral 
head. Sutures from the 
anchors are threaded through 
the supraspinatus tendon to 
fixate at the lateral anchors. 
Lateral anchors are 
inserted into the side of 
the humeral head. Sutures 
are fixated at these 
anchors. 
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Current Alternatives for Surgeons 
Two orthopedic surgeons from Spectrum Health were interviewed to find the current work-
arounds that they use in situations with soft bone. One explained that if he believed that the patient 
had soft bone, based on age, gender, diet, or smoking history, he would make a smaller puncture 
in the bone for the anchor. By doing this, there would be an increased interference fit between the 
hole and the anchor. At times this still does not solve the problem, so the surgeon may make 
multiple holes to find better quality bone, which lengthens the patient’s recovery time. The surgeon 
may also move down the humeral head to make a puncture to anchor in better quality bone, but 
the surgeon then runs the risk of striking the axillary nerve. Studies show that 1% to 2% of patients 
that undergo rotator cuff surgery have nerve damage.17 Figure 7 shows the axillary nerve in relation 
to the shoulder anatomy.  
Another orthopedic surgeon at Spectrum Health crosses two anchors in the puncture hole 
to achieve fixation. The two anchors are screwed together into the one bore hole, thus increasing 
the interference fit. Although the anchors may be secure, it is a much more painful recovery for 
the patient according to the surgeon. The surgeon explained that the patients with this fixation 
technique must wait for physical therapy for two weeks due to pain, whereas the average patient 
will start physical therapy almost immediately. In addition, two anchors are used at each fixation 
point where one typically is. These anchors typically cost about $400 each, therefore, using this 
method, there is a $1600 increased cost of anchors plus the cost of the increased time of the surgery. 
This type of fixation can be seen in Figure 8 and is referred to in literature as the “buddy anchor 
technique.”18  
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Figure 7: The Axillary Nerve with respect to the Shoulder.19 
 
 
Figure 8: “Buddy Anchor Technique” for securing Anchors into Soft Bone.18 
 
20 
 
CHAPTER 2  
SHEATH DESIGN AND MATERIAL RESEARCH 
Description of the Sheath 
Failure of the anchor may occur after the surgery is complete and soft bone could be a 
contributing factor to this failure. It has been shown that osteoporotic bone may significantly 
compromise the long-term success of an anchor.20 A finned sheath device is proposed to improve 
the retention of anchors in the cases of soft bone. The sheath will interact with the existing bone 
anchors that are used for this procedure analogous to how a drywall anchor interacts with a screw. 
After a hole is punched in the humerus, the sheath will be inserted into the hole. The bone anchor 
will screw into the sheath, which forces expansion of the sheath into the soft bone. This expansion 
into the bone will help secure the bone anchor into place by establishing axial and rotational 
fixation. See Figure 9 for a sketch of the sheath, anchor and bone interaction.  
 
Figure 9: Sketch of sheath, anchor, and bone interaction. 
Anchor 
Sheath 
Cortical Bone 
Cancellous Bone 
Suture 
1. Hole is punched in bone. 
2. Sheath is inserted into hole. 
3. Anchor is screwed into sheath. 
4. When sheath is engaged, fins will 
expand into surrounding soft bone. 
1
4
3
2
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There are two types of bone in the humerus, cortical and cancellous. The cortical layer is 
the exterior layer, which is generally much stronger than cancellous bone. Cancellous bone is the 
interior, spongy layer which gets softer with age. To establish the greatest level of fixation, the 
sheath was designed to expand in the cancellous bone and to rest against the cortical layer of bone. 
If force is exerted upward on the anchor, the fins will push against the cortical layer and prevent 
the anchor and sheath from pulling out.  
 
Interaction between Sheath and Current Anchors 
The sheath is envisioned to work with existing anchors on the market. In some cases, the 
orthopedic surgeon may have an idea that a patient has soft bone, but in others he/she may not 
know until the operation has started. As a Spectrum Health orthopedic surgeon said, a couple of 
sheaths would be useful to have in the operating room for those unexpected situations where extra 
securement of the anchor is needed. These are situations where the surgeon is expecting the patient 
to have good quality bone, but during surgery found out the conventional methods of securement 
was not be adequate.  
Ideally, the sheath will be able to interact with a multitude of anchors with a variety of 
threads and diameters. Popular examples of these anchors are shown in Figure 10. Due to the 
accessibility and expense of these anchors, the design of the sheath in this paper was based on the 
Arthrex SwivelLock Anchors, which can be seen in Figure 10d. 
 
Functional Requirements of the Sheath 
Functional requirements were identified for the use of a sheath around a bone anchor in 
arthroscopic rotator cuff surgery in the case of soft bone. The functional requirements for a rotator 
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cuff sheath include: biocompatibility, must interact with current anchors successfully, interact with 
insertion tools successfully, flexible, durable, inexpensive, and ability to sustain necessary loads.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 10: Popular Bone Anchors used in Rotator Cuff Repair (a) Smith & Nephew SpeedLock, 
(b) Smith & Nephew Twinfix Ultra, (c) Arthrex Corkscrew Anchors, (d) Arthrex SwiveLock 
Anchors.21 22 23 24 
 
 
Biocompatibility 
The first requirement of any medical device is biocompatibility. That is, the sheath device 
should not cause any adverse effects to the surrounding tissues, rather it should have the ability to 
integrate with surrounding tissues. If the device successfully integrates with surrounding tissues, 
23 
 
it has a much greater chance of staying anchored in the bone, which will ultimately secure the bone 
anchor.  
 
 Interact with Current Anchors 
As mentioned before, to have successful securement of the sheath, the sheath must be able 
to engage with the existing anchors on the market. Since there are a multitude of anchors with 
different threads and diameters, the sheath will be needed to incorporate the majority of these.  
For the anchor and sheath to be secure within the cancellous bone, there must be a locking 
mechanism between the two components so that no relative movement is possible once the anchor 
is fully engaged with the sheath. The sheath must also have the ability to expand when engaged 
with the anchor in order to fully secure in the cancellous bone. Bone anchors house sutures which 
ultimately hold the supraspinatus in place after rotator cuff surgery, so it is crucial that nothing 
interferes with how they perform.  
 
Interact with Insertion Tools 
Specific tools are used in the arthroscopic surgery to implant the bone anchors. Since the 
bone sheath is intended to be used in these surgeries and not open shoulder surgeries, the bone 
sheath must have the ability to interact with a tool that are used for implantation. The sheath must 
have the ability to fixate onto the tool during implantation, but also be released when the surgeon 
is ready to implant the device. Therefore, the design of the sheath should take allow for an 
interaction with an insertion tool.  
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Flexible 
Based on the design of the sheath, it must have the ability to flex. This is so that it can 
expand into the osteoporotic bone successfully. If the device is brittle and does not allow flexion, 
the sheath will fail and the debris could potentially cause problems within the body.  
 
 Durable 
Although, the sheath needs to be flexible, it also needs to be strong and durable enough to 
withstand cyclic loading. The shoulder has the ability to extend and flex, so the sheath must be 
able to handle the loading associated with the movement of the supraspinatus tendon. The amount 
of loading on the supraspinatus tendon depends on the patient and his/her lifestyle, but generally, 
it has been found that rotator cuff tendons, with and without tears, withstand cyclic loads up to 100 
N without increases in tear sizes and without damage occurring to the tissues.25 
 
 Inexpensive 
As one Spectrum Health surgeon mentioned, rotator cuff repair surgery is becoming 
increasingly expensive, with only small improvements in results. So, in order for another device 
to be implemented during rotator cuff surgery, it must reduce the overall cost of the rotator cuff 
surgery process. This includes surgery, post operation recovery, physical therapy, and potentially 
revision surgery.    
 
Sustain Necessary Loads 
Once the rotator cuff surgery is complete, the anchoring system will undergo stress as the 
patient starts to move his/her shoulder. The sheath must endure this stress in order for the anchors 
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to stay in place. Previously, the supraspinatus tendon has been tested to find the ultimate stress. 
This was done by separating the tendon into three strips: the anterior strip, middle, and posterior, 
then a tensile stress was applied. The ultimate tensile stress in the anterior strip was 16.5 ± 7.1 
MPa, the middle was 6.0 ± 2.6 MPa, and the posterior strip was 4.1 ± 1.3 MPa .26 Based on these 
values, the sheath must be able to endure 23.6 MPa, which is the high limit of stress of the anterior 
strip of the supraspinatus tendon.  
 
Material Property Requirements of Sheath 
Material properties were identified for the use of a sheath around a bone anchor in 
arthroscopic rotator cuff surgery in the case of soft bone. They include non-toxic, low elastic 
modulus, high tensile strength, fatigue resistant, low cost, amenable to being formed or machined, 
corrosion resistant, wear resistant, ability to be sterilized and radiolucent. 
 
 Non-Toxic 
Non-toxic is a fixed material property of the sheath. The device should not cause 
surrounding cells to die; rather, the surrounding tissue should integrate with the sheath for better 
securement.  
 
Elastic Modulus 
The elastic modulus of the material needs to be as close to that of cancellous bone as 
possible to reduce the risk of stress shielding. Stress shielding occurs when the elastic modulus of 
the device is greater than that of the bone, causing the bone to reduce in mass. The elastic modulus 
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of cancellous bone, which can range from 1-20 GPa, varies greatly due to different testing 
mechanisms and between test subjects.27 
 
 Tensile Strength 
The sheath needs to be strong enough to withstand the forces of the supraspinatus tendon 
pulling on the sheath. Since orthopedic surgeons prefer to send their patients to physical therapy 
as soon as possible after the surgery to improve recovery, the sheath needs to be able to withstand 
a multitude of shoulder movements immediately after the surgery. It was found that the 
supraspinatus tendon reaches a 2 cm critical tendon retraction at 580 ± 181 N.28 Therefore the 
maximum pull force on the supraspinatus tendon is 761 N before a tear is at a critical length. The 
sheath should withstand 761 N before failure. 
 
Fatigue Resistant 
This sheath is intended to be used in a way where the supraspinatus tendon will be pulling 
on the anchor through different shoulder movements. Arthroscopic rotator cuff surgery is not 
intended to be recurring, so the sheath must withstand cyclic loading for the life of the patient. In 
testing cyclic loading of the supraspinatus by a pre-loading sequence of between 5 N and 50 N for 
10 cycles at 0.25 Hz, a holding period of 10 s at 5 N, and a test cycle of between 10 N and 100 N 
at 0.5 Hz for 10 cycles, it was shown that the supraspinatus can withstand cyclic loads up to 100 
N without increases in tear sizes or causing damage to the tissues.  
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Low Cost 
Even if the sheath successfully works but the cost is too high, it likely will not be used in 
rotator cuff surgery. It is important to find materials that are readily available and easy to 
manufacture for this use case.  
 
Amenable to Being Formed or Machined 
Relating to low cost, the sheath must be easy to manufacture. This means that the selected 
material should lend itself to a manufacturing method that should be quick, affordable, and readily 
available. The sheath will have a relatively complex design to achieve the desired functions, 
therefore the manufacturing process must lend itself to that. 
 
Corrosion Resistant 
Electrochemical degradation is common for implants due to the hostile environment within 
the body. The human body contains electrolytic fluid, which allows for the flow of ions, 
completing the electrochemical cell, and promoting the corrosion of the anodic metallic prosthesis 
components. In addition, the pH of the body can contribute to the corrosion rate of implants. 
Typically, the human body has a neutral pH level of 7.0 but can fluctuate into the acidic levels 
depending on the location in the body. Post-surgery, the pH levels near the prosthesis tend to be 
more acidic at around 5.5. Therefore, the material chosen for this sheath needs to be corrosion 
resistant in order to prevent premature degradation.29 
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Wear Resistant 
This device will be implanted into the shoulder, which has substantial relative movement. 
The device must be made of a material which can withstand the movement of the shoulder without 
degrading before intended. Typically, an implant should be in service for 15-30 years before 
degradation. If the material is bioresorbable, the material should degrade within 10 years and be 
replaced by host bone.   
 
Ability to be Sterilized 
Since this sheath will be used as an implant, it is critical that the material has the ability to 
be sterilized before implantation. The Food and Drug Administration (FDA) recognizes traditional 
sterilization methods for medical products. These include steam, ethylene oxide, ionizing 
radiation, low-temperature and formaldehyde, and dry heat. The implant must be able to be 
sterilized by one of these methods without degradation.29 
 
Radiolucent 
Although not a requirement, if the material of the sheath were radiolucent, or transparent 
to x-rays, the doctors would be able to monitor the sheath and its interference with the bone anchor 
post-operatively. Radiopaque materials, such as metals, tend to scatter x-rays, which lead to 
artefacts on the image. This makes the image difficult to interpret due to the poor image quality.  
 
Similar Devices Used in Other Areas of the Body 
In open Anterior Cruciate Ligament (ACL) reconstruction surgeries, a sheath is used for 
soft tissue tibial fixation. Specifically, the BioIntrafix device fixates soft tissue grafts during 
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cruciate ligament reconstruction. This sheath and anchor system has proven to have greater than 
1000 N pullout strength in cadaver studies.30 When tested against five other tibial securement 
systems, the BioIntrafix proved to have greater strength, stiffness, and the least graft displacement. 
The BioIntrafix sheath is molded from composite polylactic acid (PLA) and tricalcium phosphate 
(TCP). TCP is an osteoconductive material which helps promote bone growth into the sheath and 
screw.30 Although this is similar concept to the interaction of the sheath and anchor, this is 
specifically for fixating a graft, or a piece of tissue, within a bone for ACL surgery. In this 
application, after the anchor screws into the sheath, the sheath presses against the graft to achieve 
the greatest fixation. With rotator cuff surgery, there is no graft so the application of the sheath is 
different. Figure 11 shows the BioIntrafix system. 
 
 
Figure 11: DePuy Synthes BioIntrafix Tibial Sheath and Screw.30 
   
 DePuy Synthes also offers an expanding anchor, called the GII, for several different areas 
of the body including the shoulder, knee, wrist, foot, ankle and elbow. It is a titanium anchor with 
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expanding nitinol arcs used for soft tissue attachment to bone.31 This product has a similar concept 
to the sheath design which is presented in this paper, but the sheath design is an add-on to existing 
anchors, rather than a new design for an expanding anchor. Also, the GII is made from titanium, 
which is not used often in rotator cuff surgery anymore. Orthopedic surgeons currently prefer to 
use biodegradable suture anchors or osteogenic anchors for the repair. The GII can be seen in 
Figure 12. 
 
Figure 12: DePuy Synthes GII Anchor.31 
 
Patent Landscape 
Beyond the similar devices on the market, the patent landscape was explored for similar 
ideas to the sheath for rotator cuff surgery. ArthroCare has a patent for a system and apparatus to 
attach connective tissues to bone, which could pertain specifically to rotator cuff surgery. This is 
a bone anchor which has a shaft with slits, and deforms when deployed into bone. This causes the 
bone anchor to increase in diameter which establishes axial and rotational fixation of the anchor.32 
Although this may be similar to the idea of the sheath, this is not an add-on to an existing bone 
anchor, rather a new design of a bone anchor. Based on the design of the anchor, this also may 
interfere with neighboring anchors in a smaller patient. The expandable suture anchor device can 
be seen in Figure 13.  
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Figure 13: Patent drawing for apparatus to attach connective tissues to bone.32 
 
 Smith and Nephew holds a patent for an expandable suture anchor, which has two 
members. These members have a locking mechanism which allows for a plurality of expansions 
based on the position.33 This patent relates to the sheath device in that it expands due to an internal 
member, but the sheath device does not allow for a plurality of expansions. This patent has expired 
so it will be considered prior art for the sheath device. The Smith and Nephew patent drawing can 
be seen in Figure 14.  
 DePuy Mitek holds a method patent for a system and method to attaching soft tissue to 
bone. This system consists of an expandable suture body with a bore and a pin which is inserted 
into the bore.34 Although this is a similar concept to the sheath device, the method and system are 
different making this patent different than the device explained in this paper. The patent drawing 
can be seen in Figure 15.  
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Figure 14: Patent drawing for Expandable Suture Anchor.33 
 
 
 
Figure 15: Patent drawing for System and Method for attaching Soft Tissue to Bone.34 
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 Lastly, the United States Surgical Corp holds a patent for an orthopedic fastener. The 
claims describe a surgical fastener for securing soft tissue to bone which consists of a rivet that 
frictionally engages with bone when a pin is received into the rivet.35 This patent has a similar 
concept to the sheath device, but is expired and will be considered prior art. The patent drawing 
can be seen in Figure 16.  
 
Figure 16: Patent Drawing for Orthopedic Fastener.35  
 
Engineering Materials Selection for Sheath 
Due to the variety of implantable materials in the body, materials used in rotator cuff 
anchors with a successful history were researched and identified. Spectrum Health orthopedic 
surgeons were also consulted to find what materials they prefer to work with. From there, three 
materials were identified as candidate engineering materials for the use of the sheath. They include 
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polyether ether ketone (PEEK), poly-L-lactic acid (PLLA), and poly(lactic-co-glycolic acid) 
(PLGA). Their material properties were investigated and reported.  
 
Materials used in Current Anchors 
There are a variety of engineering materials used in bone anchors, but surgeons prefer 
biodegradable or bioactive anchors. The biodegradable anchors have the advantage of a similar 
pullout strength as metallic implants, as well as progressive absorption and disappearance, which 
would allow for uncompromised surgery in the future.36 Smith & Nephew and Arthrex are the 
popular manufacturers of these implantable products and many of the materials they use are 
biodegradable or coated with a bioactive material. They include polyether ether ketone (PEEK), 
poly-L-lactic acid (PLLA), poly(glycolic acid) (PGA), and poly(lactic-co-glycolic acid) (PLGA). 
The coatings used include hydroxyapatite (HA) and 𝛽 -tricalcium phosphate ( 𝛽-TCP).45  
 
Polyether ether ketone (PEEK) 
PEEK is a material that has been used in many medical applications including spinal cage 
implants, dental implants and screws. PEEK has undergone biocompatibility cytotoxicity testing 
in vitro, and the results showed that it did not display any signs of cytotoxicity, rather an increase 
in osteoblast cell protein content.37 PEEK has an elastic modulus that is similar to bone, high 
chemical resistance, radiolucency, and has the ability to be sterilized multiple times. PEEK is 
attractive as a biomaterial because of these material properties, but is considered bioinert due to 
its low reaction to surrounding tissue. In order to make this material more biocompatible, bioactive 
materials such as hydroxyapatite or titanium dioxide are commonly added as a coating.38 Table 1 
shows the mechanical properties of PEEK.39 40 41 
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Table 1: Mechanical Properties of PEEK.39 40 41 
Mechanical Properties 
Elastic Modulus (GPa) 3.6 
Poisson’s ratio 0.38 
Density (kg/m3) 1300 
Yield Stress (MPa) 107 
 
 
Poly-L-lactic acid (PLLA) 
PLLA is one of the most popular materials used for biodegradable suture anchors in rotator 
cuff repair due to its degradability and biocompatibility. Typically, the main argument against 
bioresorbable materials is the lack of mechanical strength, or the material degrades too quickly. 
Studies show that the weight and microstructure of PLLA do not degrade over time in vitro or in 
vivo.42 The mechanical of PLLA can be seen in Table 2.43 These properties will depend on the 
level of crystallinity as well as the manufacturing used.  
 
Table 2: Mechanical Properties of PLLA.43 
Mechanical Properties 
Tensile Yield Strength (MPa) 48-110 
Tensile Modulus (GPa) 3.5-3.8 
Tensile Elongation (%) 2.5-100 
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Poly(lactic-co-glycolic acid) (PLGA) 
PLGA is another common biodegradable material which is used for rotator cuff bone 
anchors and would be suitable for the sheath. The efficacy and safety of PLGA has been studied, 
with no cytotoxicity or genotoxicity observed in vivo.44 Inflammation was observed at one point 
in a mandible fracture model, but then decreased over time. Degradation times are inconsistent for 
both PLLA and PLGA in vitro and in vivo. In vivo, both PLLA and PLGA have been shown to 
persist for 5 years, with completely resorbing in 7 and 10 years, respectively.45 Smith & Nephew 
offers their own material REGENESORB, which is composite material consisting of PLGA, β-
TCP, and Calcium Sulfate (CS). The β-TCP and CS act as the osteoconductive components to aid 
in the regeneration of new bone, while the PLGA slowly degenerates. With this combination of 
materials, the anchor is able to degrade in 24 months, as shown in Figure 17.46 Table 3 shows the 
range of mechanical properties that can be produced from PLGA by changing the parameters of 
injection molding and in vitro degradation.47 
 
 
Figure 17: Smith & Nephew’s REGENESORB material Degradation.46 
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Table 3: The Flexural Stiffness (E), Flexural Strength (𝜎௥), and Maximum Flexural Strain (𝜀௥) of 
PLGA using variable Temperature and variable Setting Time.47 
Temperature Days in vitro E (GPa) 𝜎௥ (MPa) 𝜀௥ (%) 
Low 
Temperature 
240°C 
0 2.2 ± 0.1 41.4 ± 11.8 2.6 ± 0.8 
15 2.1 ± 0.2 54.6 ± 3.9 3.5 ± 0.5 
30 1.5 ± 0.1 12.5 ± 7.7 1.3 ± 0.7 
60 1.2 ± 0.1 19.05 ± 0.8 2.8 ± 0.4 
High 
Temperature 
280°C 
0 1.9 ± 0.1 30.1 ± 3.1 2.3 ± 0.2 
15 2.1 ± 0.07 42.3 ± 7.2 2.9 ± 0.6 
30 1.9 ± 0.3 24.5 ± 15.3 1.8 ± 0.7 
60 0.5 ± 0.1 4.1 ± 0.8 1.0 ± 0.1 
 
It has been found that biodegradable PLGA suture anchors resorb very quickly within the 
body, which can cause major reaction of foreign body type. Biodegradable PLLA anchors degrade 
over a longer period of time and present fewer adverse reactions. Osteolysis, the inflammation 
from wear debris from the breakdown of implant materials, has been found after implantation of 
bioresorbable anchors in the shoulder. There is speculation as to whether the osteolysis is caused 
by the materials, or if it is caused by premature mechanical motion while the implant is healing.48 
Although there are theories around why the osteolysis is caused, PEEK anchors present less of a 
risk of an osteolytic response compared to bioresorbable anchors.49 
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Limits on Properties Method 
The limits on property method was used to quantitatively justify the selection of 
engineering materials for this application. The average values were used when there is a range of 
values possible due to manufacturing. The biocompatibility value of PEEK was chosen due to the 
bioinert, yet osteoconductive nature of it. The biocompatibility values of PLLA and PLGA were 
chosen based on the biodegradable nature of the materials. 
 
The lower limits were identified as:  
      -The minimum tensile strength value is 23.6 MPa. 
      -The minimum biocompatibility value is 5. 
       
The upper limits were identified as: 
-The maximum elastic modulus value is 20 GPa. 
 
A table was used to determine the weighting factors of each material property. A scale of 
1-3 was used to rank the properties against each other. A ranking of 1 was considered low 
importance, 2 was considered medium importance, and 3 was considered high importance. This 
can be seen in Table 4. The corresponding weighting factors were used in the candidate materials 
table, Table 5. The final rankings of each material can be seen in Table 6.  
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Table 4: Determination of Weighting Factors. 
Properties 1 2 3 
Positive 
Decision 
Weighting 
Factor, w 
Tensile Strength 3 2  5 𝑤 = ହ
ଵସ
 = 0.36 
Elastic Modulus 2  1 3 𝑤 = ଷ
ଵସ
 = 0.21 
Biocompatibility  3 3 6 𝑤 = ଺
ଵସ
 = 0.43 
Total number of positive decisions 14 ∑ 𝑤= 1.0 
 
Table 5: Candidate Materials and their Weighting Factors.  
Properties 
Weighting 
Factors 
Candidate implant materials 
PEEK PLLA PLGA 
Tensile Strength, MPa 0.36 107 79 28.6 
Elastic Modulus, GPa 0.21 3.6 3.8 2.3 
Biocompatibility 0.43 8 9 9 
 
The merit parameter p can then be calculated as follows: 
 
 𝑝 = ቎෍ 𝑤௜
𝑌௜
𝑋௜
 
௡೗
௜ୀଵ
቏
௟
+ ቎෍ 𝑤௝
𝑋௝
𝑌௝
 
௡ೠ
௝ୀଵ
቏
௨
+ ቎෍ 𝑤௞ ฬ
𝑋௞
𝑌௞
− 1ฬ 
௡೟
௞ୀଵ
቏
௧
 (1) 
 
where l, u, and t stand for lower limit, upper limit, and target properties, respectively, 
nl, nu, and nt are the numbers of the lower limit, upper limit, and target value properties, 
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wi, wj, and wk are the weighting factors for the lower limit, upper limit, and target value 
properties, 
Xi, Xj, and Xk are the candidate material lower limit, upper limit, and target value properties, 
Yi, Yj, and Yk are the specified lower limits, upper limits, and target values. 
 
For PEEK,  
 𝑝௉ாா௄ = ൤0.36 𝑥 ൬
23.6
107
൰ + 0.43 𝑥 ൬
5
8
൰൨
௟
+ ൤0.21 𝑥 ൬
3.6
20
൰൨
௨
= 0.39 (2) 
 
For PLLA, 
 𝑝௉௅௅஺ = ൤0.36 𝑥 ൬
23.6
79
൰ + 0.43 𝑥 ൬
5
9
൰൨
௟
+ ൤0.21 𝑥 ൬
3.8
20
൰൨
௨
= 0.39 (3) 
 
For PLGA, 
 𝑝௉௅ீ஺ = ൤0.36 𝑥 ൬
23.6
28.6
൰ + 0.43 𝑥 ൬
5
9
൰൨
௟
+ ൤0.21 𝑥 ൬
2.3
20
൰൨
௨
= 0.56 (4) 
 
 
Table 6: Candidate Materials and their Corresponding Rankings. 
Material Merit Parameter Ranking 
PEEK 0.39 1 
PLLA 0.39 1 
PLGA 0.56 3 
 
         Based on this analysis, PLLA and PEEK were both quantitatively ranked as the best material 
for the sheath, with PLGA third. After finding PLLA and PEEK scored the same, a Spectrum 
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Health orthopedic surgeon was asked what material he would prefer to work with. He answered 
with PEEK due to numerous implants that it is used in within the body and the strength can be 
much higher than the bioresorbable implants. Based on the rankings and the feedback with the 
surgeon, PEEK was chosen as the optimal material for the sheath.  
 
Design of the Sheath 
 After the best suitable material for the sheath was concluded, the design process began 
based on the functional requirements and material properties. In order to achieve maximum 
fixation within the bone, the sheath had the requirement to expand into the cancellous bone and 
press against the cortical bone. This was achieved by designing the sheath with two diameters. The 
sheath has an inner and outer diameter, where the inner diameter expands once an anchor interacts 
with it. The expansion causes fins to press into cancellous bone radially and push against the 
cortical bone layer. The sheath also has a flange on top to prevent sinking into bone and exterior 
projections to prevent rotational movement. The sheath design can be seen in Figure 18.  
 After a puncture is made, the sheath will be inserted into the puncture. Then, the surgeon 
will screw the anchor into the sheath, causing the expansion of fins. The directional expansion can 
be seen in Figure 19. There will be an interaction fit between the sheath and the anchor to prevent 
anchor pullout. This will be achieved from the outer threads of the anchor and slightly smaller 
inner diameter of the sheath. This will allow the sheath to interact with anchors with different types 
of threads of the same diameter. 
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Figure 18: Orthogonal and Isometric Views of Sheath. 
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Figure 19: Cross-Sectional View showing Direction of Expansion during Anchor Interaction. 
 
 The fins were designed to fold into the profile of the sheath during insertion into the hole 
of the bone. This will allow for maximum fixation of the fins with the cortical bone, with no 
compromised bone due to the fins during insertion.   
To find the surface area of the fins needed to interact with the cortical layer of bone, a 
Solidworks Finite Element Analysis (FEA) was completed. It was found that the supraspinatus 
tendon reaches a 2 cm critical tendon retraction at 580 ± 181 N.50 Therefore the maximum pull 
force on the supraspinatus tendon is 761 N before a tear is at a critical length. Given the previous 
information that two anchors will be used to secure the tendon laterally on the humerus, as seen in 
Figure 6, each anchor will have a maximum pull force of 380.5 N. The sheath design has four fins 
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that protrude into the cancellous bone, therefore the force was divided between the four fins. Thus, 
an individual fin was modeled in Solidworks with an applied force of 95.125 N, as indicated with 
the purple arrows in Figure 20. The left side of the fin was fixed as indicated with the green arrows. 
The maximum stress in the simulation was found to be 105.7 MPa, with the fin dimensions of 2.5 
mm length, 1.3 mm width, and 10 mm height. This is indicated in Figure 20 with the red areas on 
the fin. This maximum stress is less than the yield stress of injection molded PEEK, which is 107 
MPa. Therefore, with the maximum pull force exerted on the sheath, the supraspinatus tendon 
would tear before the sheath would fail.  
 
Figure 20: Solidworks FEA of Individual Fin and Corresponding Stress from Force.  
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 To maximize the fixation of this design, the top flange and fin must have a distance that is 
equal to cortical bone thickness. The average cortical thickness of a humerus with osteoporosis 
was found to be 4.4 ± 1.0 mm.51 The journal article stated that below 6 mm was a strong indication 
of osteoporosis. Therefore, to test the worst case, the length between the top flange and the top of 
the fin is equal to the low end of this range, 3.4 mm.   
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CHAPTER 3  
MANUFACTURING OF THE SHEATH 
Manufacturing 
Manufacturing processes for the materials presented were explored. Prototype 
manufacturing processes were also investigated for testing purposes.  
 
Manufacturing Processes for Suitable Materials 
The materials presented are all polymer based, which makes injection molding a primary 
manufacturing option. Injection molding is fairly inexpensive, especially after the mold of the 
device is manufactured. Injection molding can also produce a range of material properties and 
physiochemical properties from the same material by changing the time, temperature and pressure 
of the mold, thus changing the level of crystallinity. This makes injection molding a flexible 
manufacturing process and attractive for a range of products.  
Surface modification is used to increase the biocompatibility of a material without 
changing the bulk material properties of the material. For example, an HA coating on a PEEK 
device to increase the osteointegration of the device. There are two categories of surface 
modification: direct surface modification and deposition methods. Direct surface modification 
changes the surface of the material without adding another layer, while deposition adds a coating 
to the material. Direct surface modification methods include wet chemical treatments, plasma 
surface treatment, laser surface modification, Accelerated Neutral Atom Beam (ANAB) surface 
treatment, and ultraviolet surface treatment. Deposition methods include plasma spraying, vacuum 
deposition, sol gel and dip coating.52  
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Prototyping Manufacturing Processes 
For early stage and testing of multiple sheath designs, injection molding is not ideal due to 
the high cost of the mold. Additive manufacturing will be a better option due to the low cost and 
fast turnaround. Additive manufacturing will allow for quick design changes and mechanical 
testing of each design. With the materials presented, additive manufacturing is feasible.  
Based on research and using the Limit on Properties method above, Poly-Ether-Ether-
Ketone (PEEK) was selected as the optimal material for the device. Two prototyping 
manufacturing methods were researched for PEEK: prototype injection molding and Fused 
Deposition Method of 3D printing. Prototype injection molding was quoted to be $65,000 from 
MTD Micro Molding in Charlton, Massachusetts. Therefore, the only viable option for prototyping 
due to cost was Fused Deposition Method (FDM) of 3D printing. Due to the lack of support 
material to 3D print PEEK, the part was required to print vertically. The vertical orientation of 
printing increased the risk of failure, especially when loaded in a tensile manner. 
The mechanical properties of 3D printed PEEK were researched and found to be much 
lower than injection molded PEEK. The tensile strength of injection molded PEEK is 107 MPa40 
and the tensile strength of 3D printed PEEK is in the range of 25.6 MPa to 40.0 MPa.53 Based on 
this information, 3D printed ABS mechanical properties were researched and found to be similar 
to that of 3D printed PEEK, 30.3 MPa to 39.4 MPa.54 Although ABS did not meet the tensile 
strength of production representative injection molded PEEK, it proved to be similar to 3D printed 
PEEK and therefore a viable prototype option. Due to the availability of ABS, the ability to print 
horizontally with support material, and its low cost, ABS was used for testing in order to find the 
failure modes of the sheath. 
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Food and Drug Administration Requirements 
For this device to be sold on the market, it must be approved by the Food and Drug 
Administration (FDA) since it will be used as a medical device. The process to approve this device 
is outlined below.  
 
Classification 
The FDA classification of this device would likely be a Class II device, since it is an 
accessory to the bone anchors that are currently used for rotator cuff tear surgery. These bone 
anchors are considered Class II device under the regulation numbers 888.3030 Single/multiple 
component metallic bone fixation appliances and accessories55 or 888.3040 Smooth or threaded 
metallic bone fixation fastener.56 Although both regulation numbers indicate that the devices are 
metallic, the products under those regulation numbers are manufactured from a variety of 
materials, including bioresorbable materials. Some examples of materials listed under this 
classification are PLGA, PLLA and PEEK.   
 
FDA Approval Process  
Since this device will likely be a Class II device, it will require the following for the 
approval process: General Controls and Special Controls. The device will also require a pre-market 
notification and FDA review of a 510K clearance to market submission.  
 
Biocompatibility Testing  
The FDA will require the sheath to meet the same biocompatibility requirements that bone 
anchors must, because the sheath is an accessory to bone anchors. Bone anchors are required to 
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meet the following biocompatibility tests because they are implants which come in contact with 
tissue and bone for a permanent contact duration: cytoxicity, sensitization, irritation or 
intracutaneous reactivity, acute systemic toxicity, material-mediated pyrogenicity, subchronic 
toxicity, genotoxicity, implantation, chronic toxicity, and carcinogenicity. Also, if a coating is 
used, the coating must be evaluated biocompatibility as well as the bulk material. The materials 
presented in this paper are used in pre-existing anchors. Therefore, a reference can be made to 
previous testing experience or literature if the materials in the sheath device are identical in 
composition and processing to bone anchors with a history of successful use.57   
 
Potential Modes of Failure of the Sheath 
Failure is deemed to have occurred, when a component, material, process, or system fails 
to fulfill its intended function satisfactorily within its intended service life.58 The potential modes 
of failure of the sheath presented were examined. They include wear, loosening, and contact 
fatigue. 
 
Wear 
Wear occurs when opposing surfaces of components experience continuous sliding and 
rolling contact over one another. Over time this repeated contact causes progressive and permanent 
deformation through the loss of material at the contact points. The removal of the surface materials 
results in reduced efficiency and the eventual failure of the component. Additionally, wear 
produces small wear debris which can further complicate mechanical operations.58 
 Due to the design of the sheath, the sheath and anchor will be in contact with one another, 
at multiple points. In order to avoid sliding and rolling contact of the two surfaces, the sheath and 
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anchor must fit together without movement. This fit must prevent relative motion between anchor 
and sheath. If the sheath does not have an interference fit with the anchor, wear will occur between 
the two components.  
 
Loosening 
Loosening occurs when the load on the implant is greater than the implant securement. 
This can happen over a period of time with cyclic loading or an application of a large force. For 
example, during rotator cuff repair surgery, a surgeon may pull on the suture to confirm 
securement, but the anchor may actually pull out due to the force applied.59 In other cases, the 
anchor loosens over time and gradually is pulled out. Due to stronger suture materials and new 
suture configurations, the most common mode of failure of rotator cuff repairs has changed from 
suture cutting through the tendon tissue to anchor displacement in bone.59 To reduce the chance of 
this, the sheath must be able to secure in soft bone and lock the suture anchor inside.  
 
Contact Fatigue 
Contact fatigue failure commonly occurs in bearing surfaces that experience rolling and 
sliding motions while under high contact pressure and cyclic loading.58 Since the sheath will be 
susceptible to cyclic loading and sliding motions, as will the anchor, it is necessary for the anchor 
and sheath to interface with each other so that no relative motion can occur.  
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Potential Causes of Failure of the Sheath 
Modes of failure describe how a product failed, so the cause of failure explains why the 
product failed. As modes of failure are dependent on their causes, typical causes of failure 
associated with wear, loosening and contact fatigue were examined. 
 
Poor Bone Fixation 
In the case of mechanical loosening, the implants often come loose from the bone that they 
are attached to due to poor bone fixation. This is common with the older patient population due to 
the low bone quality of the cancellous bone. The younger patient population has higher bone 
quality, and thus has greater fixation due to the dense cancellous bone. This is the rationale behind 
designing a rotator cuff repair sheath for those with soft bone; to improve bone fixation in soft 
bone by not only fixating in the cancellous bone, but also in the stronger cortical bone.  
 
Deterioration 
PLLA and PLGA are used because they do deteriorate within the body safely, but the 
problems arise when they deteriorate before good bone securement is accomplished. Deterioration 
before new bone growth will cause loosening, wear, or contact fatigue, and ultimately a failure of 
the implant. Therefore, hydroxyapatite (HA) and 𝛽 -tricalcium phosphate ( 𝛽-TCP) are used as 
coatings for these materials. HA and 𝛽-TCP promote bone growth while the polymer is degrading, 
which in turn increases securement.  
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Host Responses 
Host response is defined as the sum total of molecular, cellular, organ, tissue, and systemic 
consequences on host physiology engendered by a device implantation. The host response of a 
material will determine the material’s biocompatibility. Every material implanted into the body 
will initiate a host response that reflects the first steps of tissue repair.59 
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CHAPTER 4  
TESTING AND ANALYSIS OF DATA 
Testing Setup 
 Ten 4.75 mm PLLA Arthrex SwivelLock anchors were acquired to test the failure modes 
of the sheath device. A cortical layer of bone representative model and an osteoporotic bone 
representative model of 10 lbs/ft3 (PCF) were also acquired. The cortical layer is an ASTM D638 
certified sheet, while the osteoporotic bone foam model is ASTM F-1839-08 certified foam block. 
ASTM D638 is the Standard Test Method for Tensile Properties of Plastics to ensure that the sheets 
will be representing cortical bone.60 ASTM F-1839-08 is the Standard Specification for Rigid 
Polyurethane Foam for Use as a Standard Material for Testing Orthopaedic Devices and 
Instruments. This standard ensures the foam is representative of cancellous bone.61 The bone 
samples were purchased from Sawbones (Vashon, WA).62 The two bone models were adhered 
together using a hot glue gun and holes were drilled in the bone models to represent the puncture 
from the surgeon. The bone model can be seen below in Figure 21.  
 
Figure 21: Bone Model Isometric View. 
Cancellous 
Bone Material  
Cortical Bone 
Material 
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Five sheaths were horizontally FDM 3D printed in ABS with support material. This can be 
seen in Figure 22. The sheaths were post-processed in a chemical bath to remove the support 
structure. Five anchors were screwed into the bone model without sheaths using the surgical tool 
provided in the anchor kit. Similarly, the five sheaths were inserted into the larger drilled holes. 
Once that was complete, five anchors were screwed into those sheaths. An example of an anchor 
in the bone model and a sheath in the bone model can be seen in Figure 23. 
 
 
Figure 22: Horizontal Layers of FDM 3D Printed Sheath 
   
Figure 23: Components in Bone Model (a) Anchor (b) Sheath and Anchor.  
Sheath with 
anchor Anchor 
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 Each anchor was pulled out by the sutures given with the bone anchor kit, using a MTS 
858 Material Test System to provide a constant velocity pull of 1 cm per second. This machine is 
located in the Cook-Devos Center for Health Sciences building in room 215. The pullout tensile 
load was anticipated to be too small for the detectable force on the MTS machine; therefore, a 
force gauge was attached to the machine to record the ultimate load tensile strength. The testing 
setup can be seen in Figure 25. A steel fixture was screwed to a wooden panel which was also 
screwed into to the base of the MTS machine. When testing, the suture was fed through a slot in 
the fixture, around a channeled wheel, and tied to the force gauge with three knots. The wheel 
transformed the horizontal pull to a vertical pull. The force gauge used was a Force Five Multi-
Capacity force gauge. This gauge was calibrated with a 1 kg weight, or 9.81 N. The calibration 
plot can be seen in Figure 24 in Newton’s. 
 
Figure 24: Calibration Plot of Force Five Multi-Capacity Force Gauge. 
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Figure 25: Testing Fixture Setup. 
 
Steel Fixture 
Force Gauge 
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Results 
 The ultimate tensile strength and mode of failure was recorded for each trial tested. Table 
7 displays the ultimate tensile strength and mode of failure for the five anchor trials, while Table 
8 shows the ultimate tensile strength and mode of failure for the pullout of the sheath and anchor 
combination trials. For the trials without the sheath, four of the five had the failure mode of the 
anchors pulled out of the bone model, while one had a failure mode of the suture breaking. This 
particular anchor, anchor 3, was caught behind the cortical layer of the bone model as it was pulled 
out, which caused more resistance, and thus the higher value of ultimate tensile strength. This also 
occurred with anchor 5. Each of the sheath and anchor combination trials had a failure mode of a 
broken suture, where the sheath and the anchor stayed in the bone model.  
 
Table 7: Anchor Mode of Failure and Pull Out Force. 
Anchor 
no. 
Mode of Failure 
Pull Out Force 
(N) 
Notes 
Anchor 1 Anchor pulled out 5.10  
Anchor 2 Anchor pulled out 6.00  
Anchor 3 Suture broke inside anchor 57.40 
Anchor stayed in bone model, 
was partially held behind cortical 
layer. 
Anchor 4 Anchor pulled out 2.00  
Anchor 5 Anchor pulled out 
61.85 
Anchor was partially held behind 
cortical layer. 
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Table 8: Sheath and Anchor Mode of Failure and Pull Out Force. 
Sheath no. Mode of Failure 
Pull Out Force 
(N) 
Notes 
Sheath 1 Suture broke inside anchor 37.20 
Sheath and anchor stayed in 
bone model 
Sheath 2 Suture broke inside anchor 62.55 
Sheath and anchor stayed in 
bone model 
Sheath 3 Suture broke inside anchor 43.30 
Sheath and anchor stayed in 
bone model 
Sheath 4 Suture broke inside anchor 83.65 
Sheath and anchor stayed in 
bone model 
Sheath 5 Suture broke inside anchor 112.10 
Sheath and anchor stayed in 
bone model 
 
 In the proposal previously submitted, the intention was to analyze the test data by using a 
Shapiro-Wilk normality test. Then, if the data proved to be normal, a t-test would be used to 
statistically determine if there was a difference in pull-out strength with the sheath device at 95% 
confidence. Due to the two different failure modes observed, the anchor pulled out and the suture 
broke inside anchor, this was not completed. For the trials with the sheath, the pullout strength was 
the suture strength, not the strength of the system. Therefore, the two failure modes could not be 
compared with a t-test.  
 
Discussion 
 Table 7 shows that trials 1, 2, and 4 had the same order of magnitude of ultimate tensile 
strength, while trials 3 and 5 had much higher values. This is likely due to how trials 3 and 5 pulled 
out of the bone model. Both trials 3 and 5 were partially held behind the cortical layer of bone 
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model during pull-out, which explains why the ultimate tensile strengths of trails 3 and 5 were 
higher than the other trials in Table 7. This also shows that the ultimate strength of the system was 
dependent on the cortical bone layer. If the anchors were not partially blocked by the cortical layer, 
they would have likely had an ultimate tensile strength similar to that of trials 1, 2, and 4.  
 Table 8 shows that all five trials had the same failure mode of the suture breaking within 
the anchor and sheath combination. Each trial left the anchor and suture combination in the bone 
model after failure. There was a wide range of values for suture breakage, but this can be attributed 
to the manual set-up of the experiment. Each suture was tied to the force gauge with 3 knots, but 
the manual process of tying knots leaves room for discrepancies between the tightness of the knots. 
The tightness of knots could have caused the sutures to fail at different values. Generally, the 
ultimate tensile strength values of the sheath and anchor combination trials were an order of 
magnitude greater than that of the anchor trials.   
 A past study was referenced in the set-up of this testing study and for comparison in 
results.63 Serhan et al. looked at suture anchor fixation with and without bone cement augmentation 
in osteoporotic bone and severely osteoporotic bone. Serhan et al. used two ASTM F-1839 
certified foam bone models to test, 7.5 PCF to test severely osteoporotic bone and 20 PCF to test 
osteoporotic bone. The bone model used in this paper was similar to that of the severely 
osteoporotic bone model Serhan et al. used, therefore a comparison was made with that bone 
model. The past study did not use an additional cortical bone layer as demonstrated in this paper. 
Serhan et al. used Arthrex Corkscrew® (CS) and Arthrex Corkscrew® FT II (CS FT II) anchors 
for the experiment. These anchors were made of titanium with two strands of suture for each 
anchor. Serhan et al. did not use pre-drilled holes in the bone models, whereas this paper 
demonstrated pre-drilled holes in the bone models because this is what is completed in practice. 
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The summary of the study results of the two types of anchors in the severely osteoporotic bone 
model can be seen in Table 10. 
 
Table 9: Summary of Results in Serhan et al. Study.63 
Anchor Type Tested 
Severely Osteoporotic 
Ultimate Failure Load (N) Mode of Failure 
CS 16.2 ± 3.8 Foam 
CS FT II 13.8 ± 2.4 Foam 
 
 
 As seen in Table 9, the ultimate failure load for the anchors alone were low with an average 
of 16.2 N and 13.8 N. These were approximately double the values compared to the results reported 
in Table 7; anchors 1, 2, and 4 were an ultimate tensile strength of 5.1, 6.0, and 2.0, respectively. 
The discrepancy is likely due to the lack of pre-drilled holes before insertion of the anchor, 
therefore increasing the ultimate failure load due to the increased interference between the bone 
model and anchor. The discrepancy could also be attributed to the different type of anchor used in 
the testing. 
 Due to the difference in failure modes in the data that was acquired during testing, 
calculations were completed to further investigate the pullout force of the sheath and anchor 
theoretically.  
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Calculations 
 Calculations were completed to find the theoretical pullout force of the sheath within the 
bone. First, the contact pressure between the sheath and the anchor was calculated using the thick-
wall cylindrical pressure vessel theory. This contact pressure is based on the interference fit 
between the anchor member and the sheath member. To simplify the model, the cylinders were 
modeled the length of one thread of the anchor. Also, the sheath was modeled with the fins pushed 
out and as a simple cylinder. The interference model can be seen below in Figure 26, where the 
inner member represents the anchor and the outer member represents the sheath.    
 
 
Figure 26: Interference Model Drawing.64  
 
Referring to Figure 26, the geometric features of the cylindrical parts are defined as: 
𝑟௜ = the inside radius of the inner cylinder, 
R = nominal radius of internal outside radius and external inside radius after assembly, 
𝑟௢ = outside radius of the outer cylinder, 
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𝛿 = radial interference 
 
Based on the anchor geometry and sheath geometry,  
 
 𝑟௜ =
2.75
2
= 1.375 𝑚𝑚  (5) 
 
 𝑅 =
4.75 − 𝛿
2
  (6) 
 
 𝑟௢ =
9.25
2
= 4.625 𝑚𝑚  (7) 
 
𝛿 = 0.0025 to 0.05 mm 
 
A range of values from 0.0025 mm to 0.05 mm were used as the radial interference to find which 
interference fit would work optimally for this application.  
 
The total radial interference can be defined as: 
 𝛿௧௢௧௔௟ = |𝛿௜| + |𝛿௢| (8) 
 
where, 
𝛿௜ = decrease in radius of inner cylinder 
𝛿௢ =  increase in radius of hole 
 
The deformation can be also expressed as: 
 𝛿௧௢௧௔௟ = 𝑝𝑅𝐾௜ + 𝑝𝑅𝐾௢ (9) 
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where, 
𝑝 = contact pressure 
and the outside member constant, 𝐾௢, is defined as: 
 𝐾௢ =
1
𝐸௢
ቈቆ
𝑟௢ଶ + 𝑅ଶ
𝑟௢ଶ − 𝑅ଶ
ቇ + 𝑣௢ଶ቉ (10) 
 
where, 
𝐸௢ = Elastic modulus of outer cylinder material  
𝑣௢ = Poisson’s ratio of outer cylinder material 
 
Based on the material properties of PEEK,  
𝐸௢ = 3.6 𝐺𝑃𝑎  
𝑣௢ = 0.4  
∴ 𝐾௢ =
1
3.6 𝐺𝑃𝑎
൦൮
(4.625 𝑚𝑚)ଶ + ቀ4.75 𝑚𝑚 − 𝛿2  ቁ
ଶ
(4.625 𝑚𝑚)ଶ − ቀ4.75 𝑚𝑚 − 𝛿2  ቁ
ଶ൲ + 0.4
ଶ൪ 
 
The inside member constant, 𝐾௜, is defined as: 
 𝐾௜ =
1
𝐸௜
ቈቆ
𝑟௜ଶ + 𝑅ଶ
𝑟௜ଶ − 𝑅ଶ
ቇ + 𝑣௜ଶ቉ (11) 
 
where, 
𝐸௜ = Elastic modulus of outer cylinder material  
𝑣௜ = Poisson’s ratio of outer cylinder material 
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Assuming the inner member is PEEK and based on the material properties of injection molded 
PEEK,  
𝐸௜ = 3.6 𝐺𝑃𝑎  
𝑣௜ = 0.4 ଺଺   
∴ 𝐾௜ =
1
3.6 𝐺𝑃𝑎
൦൮
(1.375 𝑚𝑚)ଶ + ቀ4.75 𝑚𝑚 − 𝛿2  ቁ
ଶ
(1.375 𝑚𝑚)ଶ − ቀ4.75 𝑚𝑚 − 𝛿2  ቁ
ଶ൲ + 0.4
ଶ൪ 
 
Now, the deformation can be solved as: 
 𝛿௧௢௧௔௟ = 𝑝𝑅(𝐾௜ + 𝐾௢) (12) 
 
This equation can be rearranged and solved for the contact pressure, 𝑝. Therefore, 
 𝑝 = ൤
1
𝐾௜ + 𝐾௢
൨
𝛿௧௢௧௔௟
𝑅
 (13) 
 
The contact pressure relates to the contact force and surface are in the following equation: 
 𝑝 =
𝐹௖௢௡௧௔௖௧
𝐴
 (14) 
 
where,  
𝐹௖௢௡௧௔௖௧ = force between cylinders 
𝐴 = surface area between cylinders 
 
The surface area of a cylinder can be calculated as: 
 𝐴 = 2𝜋𝑟 ∗ 𝑑𝑒𝑝𝑡ℎ (15) 
 
65 
 
The diameter of the anchor was 4.75 mm, the length was 15 mm long, and the anchor had 9 threads. 
Using this geometry, the surface area based on one thread was calculated to be: 
𝐴 = 4.75 𝑚𝑚 ∗ 𝜋 ∗ ൬
15𝑚𝑚
9 𝑡ℎ𝑟𝑒𝑎𝑑𝑠
൰ = 24.87 𝑚𝑚ଶ 
 
By rearranging this equation, the 𝐹௖௢௡௧௔௖௧ can be found based on the contact pressure and the 
surface area of one thread depth between the sheath and anchor.  
∴ 𝐹௖௢௡௧௔௖௧ = 𝑝𝐴 
Using 𝐹௖௢௡௧௔௖௧ and the coefficient of friction, 𝜇, between PEEK and PEEK, the theoretical pullout 
force, 𝐹௣௨௟௟௢௨௧, can be found: 
 𝐹௣௨௟௟௢௨௧ = 𝜇𝐹௖௢௡௧௔௖௧ (16) 
 
where, 
𝜇 = coefficient of friction of PEEK on PEEK 
 
With an interference value of 0.05 mm, 𝐾௢ was calculated to be 5.81x10-10 Pa and  𝐾௜ was 
calculated to be 4.53 x10-10 Pa. The coefficient of friction 𝜇 was assumed to be 0.5.65 The 
corresponding contact pressure was calculated to be 20.50 MPa using Matlab. The highest pull 
force was 254.87 N at an interference fit of 0.05 mm. Figure 27 shows how the pullout force 
changes has the interference fit increases.   
Next, further calculations were completed to find the contact force between the bone and 
sheath and the corresponding pull force of the sheath and anchor out of the bone. For the 
interference between the bone and the sheath, an interference of 0.05 mm was assumed.  
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The constants were assumed as:  
𝑟௜ =
ଶ.଻ହ
ଶ
= 1.375 𝑚𝑚  
𝑅 = ଽ.ଶ
ଶ
= 4.6 𝑚𝑚  
𝑟௢ = 3 ∗ 𝑅 = 13.8 𝑚𝑚  
 
 
Figure 27: Theoretical Pullout Force vs. Interference Fit between Sheath and Anchor. 
 
Based on the material properties of cortical bone,  
𝐸௕௢௡௘ = 17.5 𝐺𝑃𝑎 66 
𝑣௕௢௡௘ = 0.367   
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𝐾௢ and 𝐾௜ were found based on the dimensions of the sheath. 
∴ 𝐾௢ =
1
17.5 𝐺𝑃𝑎
ቈቆ
(13.8 𝑚𝑚)ଶ + (4.6 𝑚𝑚)ଶ
(13.8 𝑚𝑚)ଶ − (4.6 𝑚𝑚)ଶ
ቇ + 0.3ଶ቉ = 9.43𝑥10ିଵଵ/𝑃𝑎  
and, 
∴ 𝐾௜ =
1
3.6 𝐺𝑃𝑎
ቈቆ
(4.6 𝑚𝑚)ଶ + (1.375 𝑚𝑚 )ଶ
(4.6 𝑚𝑚)ଶ − (1.375 𝑚𝑚)ଶ
ቇ + 0.4ଶ቉ = 2.21𝑥10ିଵ଴/𝑃𝑎 
 
The contact pressure was found: 
𝑝 = ൤
1
2.21𝑥10ିଵ଴/𝑃𝑎 + 9.43𝑥10ିଵଵ/𝑃𝑎
൨
0.05 𝑚𝑚
4.6 𝑚𝑚
= 34.46 𝑀𝑃𝑎 
 
Based on the sheath geometry and the depth of the one thread of the anchor, the surface area was 
calculated to be: 
𝐴 = 9.25 𝑚𝑚 ∗ 𝜋 ∗ ൬
15𝑚𝑚
9 𝑡ℎ𝑟𝑒𝑎𝑑𝑠
൰ = 48.43 𝑚𝑚ଶ 
 
To find the contact force, the both calculated pressures are added, then multiplied by the surface 
area. For an interference of 0.05 mm between the sheath and anchor:  
 
𝐹௖௢௡௧௔௖௧ = (34.46 𝑀𝑃𝑎 + 20.5 𝑀𝑃𝑎) ∗ 48.43 𝑚𝑚ଶ = 2661.5 𝑁 
 
The pullout force was found based on the coefficient of friction between cortical bone and PEEK. 
This was assumed to be 0.368 and the equation can be seen below: 
 
𝐹௣௨௟௟௢௨௧ = 0.3 ∗ 2661.5 𝑁 = 798.44 𝑁 
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Figure 28 shows the range of interference fits 0.0025 mm to 0.05 mm between the sheath 
and the anchor and the corresponding total pullout force of the sheath and anchor out of the bone. 
 
 
Figure 28: Theoretical Pullout Force vs. Interference Fit between Sheath and Bone. 
 
 Using the equations and graphs that were completed, the optimal interference fit was found 
based on the contact pressure and theoretical pullout force. At a 0.05 mm interference fit, there 
was a theoretical pull force of 798 N to pull the anchor out of the sheath. At this force, the tendon 
would critically tear before the sheath and anchor would pull out of the humeral head. 
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Finite Element Analysis 
 Finite element analysis was completed to find how the corresponding contact pressure 
compared to the calculations. The sheath and anchor were modeled in the same manner which was 
described for the calculations. A length of one anchor thread was used. An interference fit of 0.05 
mm between the anchor and the sheath was chosen. The exterior circumference of the sheath was 
fixed in this Solidworks simulation. First, a finite element analysis was completed between the 
anchor and the sheath to find the contact pressure between the sheath and anchor. This can be seen 
in Figure 29. The highest contact pressure was found to be 21.61 MPa and is displayed in the red 
color.  
 Similarly, cortical bone was modeled with an interference fit of 0.05 mm between the 
sheath and bone. The exterior circumference of the bone was fixed in the Solidworks simulation. 
The corresponding contact pressure was found to be the highest between the sheath and bone with 
a value of 58.51 MPa. This can be seen in Figure 30.  
 These values found for the contact pressure from the finite element analysis were compared 
to the contact pressure values from the calculations and the percent difference between the two 
were found. This can be seen in Table 10. The percent difference between the FEA and the 
calculations for the anchor and sheath contact pressure was 5.44%, while the percent difference 
between the anchor, sheath, and bone contact pressure was 6.5%.  
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Figure 29: Finite Element Analysis of Anchor and Sheath Contact Pressure. 
 
Figure 30: Finite Element Analysis of Anchor, Sheath, and Bone Contact Pressure. 
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Table 10: Percent Difference Comparison between FEA and Calculations. 
 
Anchor and Sheath 
Contact Pressure 
Anchor, Sheath, and 
Bone Contact Pressure 
FEA 21.61 MPa 58.51 MPa 
Calculations 20.50 MPa 54.95 MPa 
Percent Difference 5.4% 6.5% 
 
 The low percent difference between the two methods shows that the two methods were 
consistent with each other, and therefore the results are dependable. As the calculations showed, 
with the maximum of 0.05 mm interference between the sheath and the bone and a 0.05 mm 
interference between the anchor and the sheath, a maximum theoretical pullout force of 798 N 
would be possible. This value is greater than 761 N, which is the value at which the supraspinatus 
tendon is torn. The test data did not produce values close to 798 N due to the suture breaking before 
the system failed.   
 
Conclusions 
 A sheath device for rotator cuff surgery was designed, manufactured, and tested for patients 
with osteoporotic bone. The sheath was designed to achieve both cancellous bone fixation and 
cortical bone fixation to maximize the results of patients with osteoporotic bone. Functional 
requirements and material properties were reported. Potential modes and causes of failure of the 
sheath were investigated and reported. Solidworks simulations confirmed the design had the 
necessary strength. Adequate fixation was achieved with four 1.3 mm wide and 10 mm high fins 
that protrude from the sheath 2.5 mm. The limit on properties method and orthopedic surgeon 
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feedback was used to find PEEK as the optimal material. HA coated PEEK has been shown to 
promote bone growth. PEEK prototype devices were not manufactured due to cost restraints. 
Instead, the devices were 3D printed in ABS. 
The 3D printed sheaths, along with the Arthrex SwivelLock anchors, were tested in an 
osteoporotic bone model. Five anchors and five sheath-assisted anchors were pulled out of the 
model using the sutures in the Arthrex SwivelLock kit. The sutures were wound around a channel 
and pulled by a MTS tensile machine with a force gauge attached. Four of the five anchor trials 
had a failure mode of pulling out of the bone model. All five of the sheath trials had a failure mode 
of the suture breaking. For the five trials without the sheath, three anchors pulled out of the bone 
model with very small values of force and two anchors were partially caught behind the cortical 
layer and thus exhibited larger values of pullout force. These results determined that implant 
success in patients with osteoporotic bone is dependent on cortical layer fixation.  
In addition to testing, calculations and finite element analysis were completed to find the 
theoretical contact pressure due to the interference fit. From the contact pressure, the pullout 
strength for the sheath and anchor, as well as the sheath and anchor in the bone were calculated. 
Calculations for the anchor and sheath contact pressure proved to be 20.50 MPa, while the FEA 
provided a contact pressure of 21.61 MPa. This resulted in a 5.41% difference between the two 
methods. Similarly, the anchor, sheath and bone contact pressure resulted in a 54.95 MPa from the 
calculations and a 58.51 MPa by means of FEA. This was a 6.48% difference between the two 
methods. The calculations also resulted in a final pullout force of 798.44 N by ways of a 0.05 mm 
interference fit between the sheath and anchor. This is greater than the value of 761 N to tear the 
supraspinatus tendon to a critical size. Thus, mathematically it has been shown, the supraspinatus 
tendon will tear before the sheath fails.  
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CHAPTER 5 
FUTURE WORK 
 In the future, production injection molded PEEK prototypes should be manufactured and 
tested. The prototypes should be tested in an osteoporotic bone model, as was presented in this 
paper. Also, if possible, more than five anchors per trial should be tested so that the results are 
statistically significant. In the next prototype testing, a material stronger than suture should be used 
to find the true pull out force of the system.  
 Additionally, a tool to insert the sheath should be designed and manufactured for testing. 
The insertion tool is crucial during actual rotator cuff surgery because in most cases the surgery is 
arthroscopic. The insertion tool should allow for easy and efficient insertion of the sheath into the 
humeral bone so that the surgery is not lengthened significantly by using this device. For the 
experiments performed in this study, the sheaths were manually placed in the bone models. This 
manual process could have potentially added error into the study. With a tool, the process would 
be repeatable and thus produce more dependable results.  
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APPENDIX A: MATLAB CODE  
function StartStopRecordDataGUI 
% GUI for collection and recording of ASCII data 
from serial port 
% StartStopRecordGUI Starts recording of ASCII data 
on serial port 
% after a short delay and records collected data 
% when start button is pressed. 
% Stop button stops recording and saves file 
global wt runcount userinfo numericaldata 
if ~isempty(instrfind) 
     fclose(instrfind); 
      delete(instrfind); 
end 
wt = serial('COM3', 'BaudRate', 2400, 'Terminator', 
'CR'); 
runcount = 0; 
numericaldata(1) = 0; 
% Create and then hide the GUI as it is being 
constructed. 
guiwindow = 
figure('Visible','off','Position',[550,130,800,600]
); 
% Construct the components. 
hStartBut = 
uicontrol('Style','pushbutton','String','START',... 
'BackgroundColor', 'Green', ... 
'Position',[625,300,70,25],... 
'Callback',{@StartBut_Callback}); 
hStopBut = 
uicontrol('Style','pushbutton','String','STOP',... 
'BackgroundColor', 'Red', ... 
'Position',[625,360,70,25],... 
'Callback',{@StopBut_Callback}); 
userinfo = 'Push START button to begin'; 
htext = 
uicontrol('Style','text','String',userinfo,... 
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'Position',[625,250,165,15]); 
ha = axes('Units','Pixels', 'LineWidth', 
2,'Position',[50,125,550,400]); 
align([hStartBut,hStopBut,htext],'Center','None'); 
% % Create the data to plot. 
% peaks_data = peaks(35); 
% membrane_data = membrane; 
% [x,y] = meshgrid(-8:.5:8); 
% r = sqrt(x.^2+y.^2) + eps; 
% sinc_data = sin(r)./r; 
% Initialize the GUI. 
% Change units to normalized so components resize 
% automatically. 
set([guiwindow,ha,hStartBut,hStopBut],... 
'Units','normalized'); 
% Assign the GUI a name to appear in the window 
title. 
set(guiwindow,'Name','LPN Tension Data 
Collection','MenuBar', 'none') 
xlabel('Time (s)'); 
ylabel('Force (N)'); 
% Move the GUI to the center of the screen. 
  
movegui(guiwindow,'center') 
% Make the GUI visible. 
set(guiwindow,'Visible','on'); 
%% 
% 
%Call back function for pressing "START" 
% 
function StartBut_Callback(~,~) 
global measrd run sampletime datalist numpart 
timestring 
run = 1; 
htext = 
uicontrol('Style','text','String','RUNNING',... 
'Position',[625,250,165,15]); 
fopen (wt); 
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mytime = fix(clock); %Get current time 
YR = mytime(1); %Identify year 
MO = mytime(2); %Identify month 
DT = mytime(3); 
HR = mytime(4); 
MIN = mytime(5); 
SEC = mytime(6); 
timestring = [int2str(YR),'-',int2str(MO),'-', ... 
int2str(DT),'_',int2str(HR),'_',int2str(MIN),'_', 
... 
int2str(SEC)]; %Compile date / time string for use 
in file name 
statusmarker = wt.Status; 
if (strcmp(statusmarker, 'closed')) 
htext = uicontrol('Style','text','String','PORT DID 
NOT OPEN',... 
'Position',[625,250,165,15]); 
end 
while (run == 1) 
runcount = runcount + 1; 
fprintf (wt, 'F') %Send ASCII 'D' 
sampletime(runcount, 1:6) = clock; 
clc; 
measrd = fscanf(wt) %Read data from COM port to 
'measrd' 
datalist(runcount, :) = char(measrd(1:9)); %Place 
reading in table 
numpart = cat (1, measrd(1:6)); 
numericaldata(runcount) = str2double(numpart); 
pause on; 
pause(0.1);  
plot(numericaldata/10, 'LineWidth', 2, 'Marker', 
'x'); 
xlabel('Time (s)'); 
ylabel('Force (N)'); 
end 
htext = uicontrol('Style','text','String','PUSH 
START TO GET ANOTHER',... 
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'Position',[625,250,165,15]); 
end 
  
%% 
% 
%Call back function for pressing "STOP" 
function StopBut_Callback(~,~) 
htext = 
uicontrol('Style','text','String','Stopping',... 
'Position',[625,250,165,15]); %Display shutting 
down message to acknowledge button press 
global run sampletime datalist timestring 
%Make variable available to other areas 
run = 0; %Setting run to '0' stops loop iterations 
fclose(wt); %Close the serial port 
filestring1 = ['C:\Users\Alissa\Documents\Thesis 
Project\MTS 
machine\TensionData',timestring,'.csv']; 
dlmwrite(filestring1, datalist, '-append', 
'delimiter', '\t', 'newline', 'pc') 
filestring2 = ['C:\Users\Alissa\Documents\Thesis 
Project\MTS machine\DateData',timestring,'.csv']; 
dlmwrite(filestring2, sampletime, '-append', 
'delimiter', '\t', 'newline', 'pc') 
saveas(figure(gcf),['C:\Users\Alissa\Documents\Thes
is Project\MTS machine\Graph',timestring,'.jpg']); 
%Save display as file 
%datalist; 
runcount = 0; 
numericaldata = []; 
datalist = []; 
sampletime = []; 
htext = uicontrol('Style','text','String', 
'Standby',... 
'Position',[625,250,165,15]); 
end 
end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%% 
%Calculation to find contact pressure between 
sheath and anchor 
%Graph to show interference between 0.0025 mm to 
0.05 mm 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%% 
  
low = 0.0025; 
high = 0.05; 
i = low; 
F = zeros(20,1); 
P = zeros(20,1); 
j = 1; 
  
k = 1; 
x = zeros(20,0); 
y = low; 
  
while k <=20 
    x(k,1) = y; 
    y = y+low; 
    k = k+1; 
end 
  
  
ri = 2.75/2; 
R = (4.75-i)/2; 
ro = 9.25/2; 
Eo = 3.6*10^9; 
Ei = 3.6*10^9; 
vo = 0.4; 
vi = 0.4; 
delta = i; 
anchord = 4.75; 
l = 15; 
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depth = l/9; 
     
while i <=high+low 
     
    delta = i; 
    R = (4.75-i)/2; 
    Ko = (1/Eo)*(((ro^2)+(R^2))/((ro^2)-(R^2))+vo); 
    Ki = (1/Eo)*(((R^2)+(ri^2))/((R^2)-(ri^2))-vo); 
     
    P(j,1) = (1/(Ko+Ki))*(delta/R); 
  
    A = anchord*pi*depth*10^-6; 
    N = P(j,1)*A; 
     
    F(j,1) = 0.5*N; 
     
    i = i +low; 
    j = j+1; 
end 
  
plot(x, F); 
xlabel('Interference Fit'); 
ylabel('Pullout Force (N)'); 
title('Theoretical Pull Force of Anchor Out of 
Sheath'); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
%Calculation for contact pressure between sheath 
and bone 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%% 
  
Eb = 17.5*10^9;  
Rbone = 9.2/2; %interference of 0.05 
rbone = 3*Rbone; %Assumption 
vbone = 0.3; %Experimental determination of Young 
modulus and Poisson ratio in cortical bone tissue 
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using high resolution scanning acoustic microscopy 
and nanoindentation 
deltabone = 0.05; 
  
Kbone = (1/Eb)*(((rbone^2)+(Rbone^2))/((rbone^2)-
(Rbone^2))+vo); 
Kbonei = (1/Eo)*(((Rbone^2)+(ri^2))/((Rbone^2)-
(ri^2))-vo); 
  
Pbone = (1/(Kbone+Kbonei))*(deltabone/Rbone); 
  
m = 1; 
TotalPressure = zeros(20,1); 
while m <=20 
    TotalPressure(m,1) = P(m,1)+Pbone; 
    m = m+1; 
end 
  
  
Abone = 9.25*pi*depth*10^-6; 
Nbone = TotalPressure*Abone; 
  
Fbone = 0.3*Nbone; %assuming coefficient of 
friction 0.3 
figure 
plot(x, Fbone); 
title('Theoretical Pull Force of Sheath and Anchor 
Out of Bone'); 
xlabel('Interference Fit'); 
ylabel('Pullout Force (N)'); 
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